Laser capture microdissection (LCM) is a powerful method to isolate specific populations of cells for subsequent analysis such as gene expression profiling, for example, microarrays or ribonucleic (RNA)-Seq. This technique has been applied to frozen as well as formalin-fixed, paraffin-embedded (FFPE) specimens with variable outcomes regarding quality and quantity of extracted RNA. The goal of the study was to develop the methods to isolate highquality RNA from islets of Langerhans and pancreatic duct glands (PDG) isolated by LCM. We report an optimized protocol for frozen sections to minimize RNA degradation and maximize recovery of expected transcripts from the samples using quantitative real-time polymerase chain reaction (RT-PCR) by adding RNase inhibitors at multiple steps during the experiment. This technique reproducibly delivered intact RNA (RIN values 6-7). Using quantitative RT-PCR, the expected profiles of insulin, glucagon, mucin6 (Muc6), and cytokeratin-19 (CK-19) mRNA in PDGs and pancreatic islets were detected. The described experimental protocol for frozen pancreas tissue might also be useful for other tissues with moderate to high levels of intrinsic ribonuclease (RNase) activity.
Introduction
Powerful new tools are available to characterize the molecular signatures of tissues of interest in health and disease based on ribonucleic acid (RNA) and/or protein profiling. Laser capture microdissection (LCM) is a technique that theoretically enables isolation of RNA and/or protein from a compartment of interest within an organ. After identification of the compartment by microscopy, laser dissection is used to procure a sample of the cells of interest to permit subsequent gene expression and/or proteome profiling.
1,2
LCM has been performed on formalin-fixed paraffin embedded (FFPE) as well as frozen tissues, with advantages and disadvantages for either procurement method. 3 Sections from FFPE tissue typically have well-preserved morphology at the expense of poor RNA integrity, due to the cross linking of proteins and nucleic acids caused by formalin fixation. Although LCM has been widely applied to various types of frozen tissues, isolating high-quality RNA often still represents a challenge and requires stringent protocols to be followed, which is crucial for the performance of down-stream experiments.
4 Ribonuclease (RNase) activity, either endogenous or due to external contamination, represents the most important barrier to extraction of high-quality RNA from tissues. Endogenous RNase levels vary widely between tissue types, being most abundant in pancreas, gall bladder, and skin. 5 The focus here was to establish a method to reproducibly isolate high-quality RNA from LCM-derived tissue samples from pancreas.
The use of standard protocols employed in tissues with much lower RNase levels present than in pancreas was not sufficient for use in pancreatic tissue. 6, 7 Improved protocols have more recently been developed for LCM of pancreatic islets. 8 However, due to the intrinsic autofluorescence of beta cells, islets are more easily identified in pancreatic sections than are pancreatic duct glands (PDG). Additionally, pancreatic islets have lower endogenous RNase activity than exocrine pancreas. We therefore set out to establish a protocol to permit reproducible recovery of high-quality RNA following LCM of the tissue compartments of interest in the pancreas. [9] [10] [11] For the purposes of this work, we focused on the PDG compartment, 12 recently proposed as a potential pancreatic stem cell niche, as well as pancreatic islets.
Materials and Methods

Tissue procurement
Humans
Pancreas was procured from a brain-dead non-diabetic organ donor by the Juvenile Diabetes Research Association network for pancreatic organ donors with diabetes (nPOD), coordinated through the University of Florida in Gainesville, Florida (Case ID 6104 and 6165). All procedures were in accordance with federal guidelines for organ donation and the University of Florida Institutional Review Board. The nPOD employs a standardized preparation procedure for pancreata recovered from cadaveric organ donors. The pancreas is divided into three main regions (head, body, and tail) followed by serial transverse sections throughout the medial to lateral axis, allowing sampling of the entire pancreas organ while maintaining anatomical orientation. As preparation is completed within 2 h, tissue integrity is maintained. Tissues intended for frozen blocks are trimmed to no larger than 1.5 × 1.5 cm, placed in molds with optimal cutting temperature compound (OCT) and snap-frozen in an isopentane-dry ice bath. For the presented experiments, 10 cryosections (8 μm) were cut from the body of the pancreas.
Rats
Studies were approved by the University of California Los Angeles Institutional Animal Care and Use Committee. Sprague Dawley wild-type rats were bred and housed with a standard of 12 h light/dark cycle at the University of California Los Angeles (UCLA) animal housing facility and fed ad libitum with regular chow diet. Following euthanasia, rat pancreas was rapidly dissected and then divided into two portions (head and body of pancreas, and tail of pancreas). The pancreata were processed as described. Ten to fifteen sections were cut from the head of the pancreas for each LCM experiment. Each individual experiment presented represents 1-2 rats. LCM and RNA isolation from both human and rat tissue was performed at UCLA.
Optimized LCM protocol
Rodent pancreas isolation and specimen freezing (Day 1) An icy chamber for freezing of pancreatic tissue was prepared-by placing dry ice in a suitable container (e.g. styrofoam box, ~6″ × 5″ × 5″) and slowly filling it with isopentane until the level was just above the dry ice. Bubbling of isopentane occurred upon addition to dry ice, but once this had subsided, the mixture was ready for use.
Rodent pancreas was harvested, placed into a culture dish with cold phosphate saline, and any non-parenchymal tissue such as adipose or connective tissue was removed.
The bottom of a cryomold was covered with a thin layer of cold OCT compound and the specimen was placed into the mold after blotting on clean paper towel. Forceps were used to gently press the organ to the bottom of the cryomold; an embedding ring was placed on top and more OCT was carefully added until the specimen was completely covered and the ring was filled about half way. The cryomold was transferred into cooled isopentane using a perforated spoon; care was taken to not disturb the tissue orientation and to wait for the OCT to completely solidify (about 2 min). The processed specimen was placed on dry ice and transferred to a -80 °C freezer and stored in the -80 °C freezer wrapped in aluminum foil until needed. Human pancreata blocks received from nPod were processed as described below (Day 2).
Slide preparation and sectioning (Day 2)
The cryostat was pre-cooled to -20 °C (CM1900, Leica Microsystems; Wetzlar, Germany) and cryoblocks were transferred on dry ice and allowed to equilibrate for at least 30 min prior to cutting (but not exceeding 1 h, to avoid unnecessary thawing). Polyethylene naphthalate (PEN) membrane slides were ultraviolet irradiated at 260 mJ/ cm 2 for 30 min in order to sterilize them. Sections of 8 um thickness were cut, rotating the wheel slowly and holding down the glass shield lightly. Each section was mounted on the center of a labeled, room temperature PEN slide by moving the slide toward the specimen, thereby allowing the mounting media to melt and the tissue to be attached to the slide.
Each slide was placed in a pre-cooled slide box on dry ice immediately, limiting contact with air and moisture and stored at -80 °C when the desired number of slides were cut. Frequent cycling of the tissue block from -80 to -20 °C for cryosectioning may accelerate RNA degradation so, for best results, a sufficient number of sections for multiple LCM sessions (if possible) should be cut and mounted.
Staining and LCM (Day 3)
RNase contamination was avoided by cleaning surfaces and tools with RNase Zap® solution. Under a chemical hood, 100-μl RNase inhibitor (ProtectRNA™ 500×, R7397; Sigma, St. Louis, MO) was added to each 50-ml falcon tube with staining solutions, mixed, and poured into labeled coplin jars. A volume of 6-μl RNase inhibitor was added to the hematoxylin solution. The surfaces of the microscope, slide, and tube holder were pre-cleaned with RNase Zap®.
The slide box with cryosections was kept on dry ice during the LCM procedure and one slide removed at a time for staining and subsequent laser microdissection. Each slide was thawed briefly (after removing it from dry ice) and subsequently stained for hematoxylin and eosin (H&E) in Coplin Jars immediately before proceeding to laser microdissection. Solutions had to be ice-cold and were prepared the day before use in Falcon tubes and stored at 2-8 °C. The RNase inhibitor was added shortly before (+/-5 min) the staining procedure. The solutions were used for up to 20 slides and then replaced.
The staining protocol for cryosections was followed: LCM experiment were performed using an LMD7000 Laser Microdissection system (Leica; Wetzlar, Germany) cutting into a 0.5-ml tube cap (Axygen Scientific Inc, Union City, CA) filled with 10 μl of extraction buffer (PicoPure® RNA Isolation Kit, KIT0204) and 0.5 μl of RNase inhibitor (1 U/μl) (SUPERase·IN™, AM2694; Ambion® Carlsbad, CA). To avoid RNA degradation, staining and dissection was finished within 20 min and the tube placed with cap down on dry ice immediately.
RNA isolation (Day 3)
RNA isolation was performed on the day of the LCM experiment. Samples were thawed on ice (cap down) and spun for a few seconds once thawed. RNA was isolated following the protocol from Arcturus® PicoPure® RNA Isolation Kit (Applied Biosystems™; Foster City, CA) incorporating a DNase step and an extra spin at 16,000 rcf for membrane drying (see RNA Isolation Protocol for frozen LCM samples).
A volume of 0.75 μl SUPERase·IN™ RNase inhibitor was added to isolated RNA (for 15 μl sample), 1 μl was aliquoted for Agilent testing and stored at -80 °C until further processing. The procedures for Day 2 (slide preparation
Quality control
RNA quality was checked with an Agilent Bioanalyzer 2100 using an RNA 6000 Pico LabChip kit (Agilent Technologies, Santa Clara, CA) (http://www.genomics.agilent.com/article.jsp?crumbAction=push&pageId=1648). An RNA Integrity Number (RIN) was computed by the instrument, using an algorithm as previously described.
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Briefly, RNA quality is estimated in each sample based on the fragment size distribution, including two peaks corresponding to 18S and 28S ribosomal RNAs, as well as a signal in the small molecular weight area, corresponding to small RNAs. This distribution is then compared to a large database of RNA samples and an RIN is computed.
13,14
cDNA preparation and quantitative real time PCR An amount of 0.5 μg of total RNA from each sample was denatured at 65 °C and then reverse transcribed using SuperscriptIII reverse transcriptase (Invitrogen) at 50 °C for 1 h. Real-time quantitative polymerase chain reaction (qPCR) was performed using ABI7900HT (Applied Biosystems™; Foster City, CA) with initial denaturation at 95 °C for 20 s, followed by 40 cycles of 94 °C for 1 s and 60 °C for 20 s, then continued with a dissociation stage. Each qPCR reaction contained 1 × Fast SYBR® Green Master Mix (Applied Biosystems™; Foster City, CA), 1 μM of each primer, and 400 ng cDNA. Relative mRNA expression of a certain target gene was determined using the comparative cycle threshold (Ct) method, where the amount of target cDNA was normalized to the internal control, cyclophilin cDNA. Gene expression is always depicted relative to the levels in pancreatic islets with a hypothetical value of 1. Values are means ± standard error of the mean of three independent experiments. Primer sequences are as follows: β-actin F:CCAACCGTGAAAAGATGACC, R:
CCAGAGGCATACAGGGACAG RNA extraction techniques (deparaffinization of samples, prolonged lysis, and proteinase K digestion) have enabled better recovery of RNA (up to 30%) compared to fresh tissue; however, quality remains poor as RNA is highly fragmented.
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The quality of RNA integrity (RIN) is measured by an algorithm applied to electrophoretic RNA analysis and is reported as a scale of 1 (totally degraded) to 10 (intact). Values of 7 or more are considered necessary for valid gene expression profiles. The RIN value has superseded the prior reliance on the 28S to 18S rRNA ratio (optimally 2:1) as the latter was unreliable. Multiple factors can influence RNA quality, such as time from organ isolation to freezing, storage, and staining.
16,17
The process of degradation of RNA by RNase activation begins immediately upon excision of the tissue. RNases may also then be reactivated in an aqueous environment once the tissue is defrosted, a necessary step for LCM sample preparation (e.g. before cryosectioning) and during any staining procedures. 18 We and others have found that the published protocols for LCM developed for use in organs with low-RNase expression are not suitable for pancreatic tissue. For example, LCM was used to isolate pancreatic islets [9] [10] [11] with resulting RIN values of 2-4 and no detectable rRNA ratio. A more recent improved protocol for LCM of pancreatic islets did significantly improve the mean R/N value to 5.8.
8
The cDNA after reverse transcription was tested with an Agilent Bioanalyzer 2100 using a High Sensitivity D NA Analysis Kit (http://www.genomics.agilent.com/en/ product.jsp?cid=AG-PT-105&tabId=AG-PR-1069).
Results and Discussion
For the experiments described, PDGs were dissected first, followed by pancreatic islets (Fig. 1) . The duration of staining and dissection of both compartments from a single slide were completed within 20 min. Samples were placed on dry ice (cap down) and RNA isolation was performed the same day.
The first consideration in procuring high-quality RNA from LCM aliquots of pancreatic tissue is the preservation of the pancreas. Since pancreas undergoes rapid autolysis following death, pancreas must be rapidly removed and preserved. Tissue preservation is typically achieved by either formalin fixation and paraffin embedding (FFPE) or cryopreservation. FFPE tissue has advantages over that of frozen tissue as it permits approaches that more readily facilitate identification of the tissue compartment of interest and more human pathological tissue archives of FFPE than frozen tissue are available. However, formalin's excellent characteristics for tissue preservation, creating cross links between proteins, chemical alterations of RNA bases, and fragmentation, makes it almost impossible to isolate intact RNA from FFPE tissue. Optimized obtained from LCM-derived pancreatic cryosections, never previously reported for pancreatic tissue using 10-15 sections (8 μm). For rat pancreatic tissue, RNA quality was slightly higher, with RIN values measured between 6 and 7 for islets and PDGs and rRNA ratios ranging from 2.2 to 2.4. Human samples had RIN values around 6 (6.2-6.4) for both islets and PDGs and rRIN ratios between 0.8 and 1.5 (Fig. 2B) . RNA yield for rodent PDG samples was 168 pg/PDG and islets 2,477 pg/islet. The corresponding values for human tissue samples were 118 pg/PDG and 677 pg/islet. The optimized protocol was repeated multiple times with different rodent (n = 5) and human (n = 4) specimens resulting in RNA yields of 130 ± 14 and 100 ± 34 pg/ PDG, rRNA ratios of 1.9 ± 0.3 and 1.4 ± 0.1, and RIN values of 6.2 ± 0.3 and 6.0 ± 0.3.
Gene expression determined in dissected samples by real-time PCR
In order to perform down-stream experiments such as RNA-Seq, it is essential to test not only the quality of the isolated RNA, but also the expression of genes expected to be present in the isolated cell population. Therefore, mRNA expression of characteristic islet cell genes (insulin and glucagon) as well as a PDG/ductal cell marker mucin6 (muc6) and cytokeratin-19 (CK-19) were analyzed (Fig.  3) . As expected, high levels of Muc6 and CK-19 were expressed in PDGs compared to islets. Although at very
Treatment with RNase inhibitors
We investigated the potential of adjusting RNase inhibition to obtain intact RNA from LCM-derived samples from frozen rat as well as human pancreas. The use of RNase inhibitors at different steps of LCM protocols has been investigated by others, but with inconsistent results. Kube and colleagues reported improved RIN values from prostate cancer samples by adding RNase inhibitors to each staining solution, 19 whereas RNase inhibition in colorectal tumors decreased overall RNA quality.
6 Preservation of RNA integrity was furthermore reported for endometrial cancer tissue by adding RNase inhibitor immediately after RNA extraction. 20 As RNase activity is particularly high in the pancreas, we evaluated the effect of application of RNase inhibition during both the staining procedure preceding LCM and during LCM of PDGs, islets and acinar tissue from rodent and human pancreas ( Fig. 2A) . ProtectRNA™ RNase inhibitor (1 × final concentration; Sigma Aldrich; St.Louis, MO) was added to all staining solutions. In addition, 5 U of SUPERase·IN™ RNase inhibitor (Ambion®; Carlsbad, CA) was added to the extraction buffer and again after RNA isolation. The detailed protocol is described in Materials and Methods (Optimized protocol). One hundred and twelve PDGs and 30 islets from rat pancreatic sections were dissected; for human samples, 52 PDGs and 21 islets were collected. By this approach, excellent yields of high-quality RNA were consistently 
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The primary goal was to establish a protocol that permits recovery of intact RNA from pancreas after LCM. The prior efforts used to optimize RNA integrity after LCM in other tissues by adjusting conditions of section collection and fixation were not sufficient in pancreas. Instead, because of the very high endogenous RNase activity in pancreas, a protocol was developed with an emphasis on RNase inhibition.
The critical modification required to obtain usable quality RNA from pancreas after LCM was the use of RNase inhibition at multiple steps during the experimental procedure. To maximize the RNA quality, RNase inhibitors were used during the entire staining procedure, as well as during laser microdissection and they were also added to samples after RNA isolation. By this modification, we began with well-cryopreserved pancreas and were able to reproducibly procure good recovery of high-quality RNA after LCM of pancreas.
Modern amplification techniques have made it possible to work with extremely low amounts of RNA (1 pg) and perform gene expression analysis subsequently. However, in order to achieve more robust results and minimize the loss of rare transcripts, it is desirable to recover at least 1 ng of material. With the described optimized protocol, we were able to demonstrate for the first time high-quality RNA with minimal degradation as reflected by presence of 18S and 28S ribosomal RNA and RIN values ~7 in laser microdissected pancreatic tissue. Combined with the amount of recovered RNA (5-45 pg depending on the cell type collected), these results provide a good basis for down-stream experiments such as RNA-Seq. 
